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The recrystallization of a cold-worked shape memory alloy (SMA) without R-phase transition, 
i.e. the Ti-45.0Ni-5.0Cu (% at.), has been studied by thermoelectric power (TEP) technique and 
electrical resistivity change (Dρ) on several heat treated samples after cold working. This study was 
also supported by differential scanning calorimetry (DSC), transmission electron microscopy (TEM) 
and hardness Vickers (HV) measurements. Transformation temperatures show an increase with heat 
treatment temperature, while hysteresis decreases. Hardness values decrease with aging temperature 
for the same heat treatment time. No important changes were observed in electrical resistivity with heat 
treatment temperature, except at 300°C. TEP results show an important increase with heat treatment 
temperature, and a linear relationship was found between hardness and thermoelectric power. With 
this correlation between TEP and microhardness it is possible to predict its mechanical response by 
knowing its TEP, so this correlation could be important for applications.
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1. Introduction
Ti-Ni alloys exhibit particular physical properties 
such as pre-transformation behaviors and very low 
elastic anisotropy1 and they can be used in robotic and 
actuator applications2-4. Their martensitic transformation 
temperatures (M
s
) are close to room temperature. Moreover, 
the addition of Cu is very important for applications 
in robotic devices or actuators5,6 because it inhibits the 
formation of R-phase which is an undesirable phase that 
causes a nonlinear correlation between the strain (ε) and 
the change in electrical resistivity (Δr/r0). When 5 % at. of 
Cu is added, a linear correlation is achieved, which allows 
very good control of the position of the actuator2-8.
The correlation study of the microstructural evolution 
during the recovery process after an “amorphization” with 
mechanical, electrical and thermal properties is important 
for the applications of Ti-Ni-Cu system, because by 
controlling the microstructure with the thermomechanical 
treatment, the mechanical or electrical response of the alloy 
can be predicted, for example the position of an actuator. 
The process of “amorphization” can be explained as the 
conversion of a crystalline material into an amorphous 
one. On the other hand, thermomechanical treatments in 
the Ti-Ni alloy have been studied in different works3,9-13 
in order to choose a more robust process for the required 
operating conditions and in some cases, these studies 
have attained a state of “amorphization”11-14 but very few 
works of amorphization adding Cu into the Ti-Ni alloy 
have been done. It must be noted that, thermomechanical 
treatments of the Ti-Ni45-Cu5 alloy have been previously 
reported by López Cuéllar et al.7,16, mostly focused upon 
the change in electrical and mechanical properties during 
the thermomechanical life cycle, but without relate 
microstructural changes with the process of amorphization-
recrystallization. Koike et al. have reported that a 60 % 
reduction of sample obtained by cold-rolling at room 
temperature produces a crystal-amorphous transformation 
in Ti-50.8Ni[14]. The resulting microstructure is partly 
amorphous with amorphization due to the dislocation 
density in highly deformed regions varying between 1013 and 
1014 cm–2, with an energy equivalent to the crystallization 
energy14. Furthermore, since the amorphous state appears in 
shear bands, these works suggest that the amorphous state 
is caused by the shear instability associated with a high 
dislocation grain size in Ti-Ni alloy after 40 % of reduction 
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by cold work15. In this sense, this amorphization produced by 
heavy deformation of the Ti-Ni alloy, is interesting because 
the grain size of amorphous specimens after recrystallization 
can be much smaller than that obtained by ordinary methods. 
This, in turn, may improve mechanical properties.
M. Perez17 reported that the TEP of an alloy can be 
affected at different levels due to all the lattice defects 
(solute atoms, dislocations, precipitates, etc) which may 
disturb the electronic or elastic properties of the material 
and subsequently, induce a TEP variation. M. Perez17 also 
mentioned that as far as precipitates are concerned as a 
second phase, they can be neglected, except if they are 
coherent or if their volume fraction is high, which is not our 
case. Then, in our study according with M. Perez, only the 
effect of dislocations on TEP should be considered. But it 
must be noted that during the process of cold-worked of the 
Ti-Ni-Cu system, not only dislocations are induced, also the 
orientation of variants is introduced18, and this anisotropic 
orientation clearly affects the TEP of the alloy as previously 
reported by López Cuéllar et al.16. And with a heat treatment 
process after cold working, the diminution of dislocations 
and the decrease of defects due to the grain boundary growth 
will take place. Then, taking into account the discussion 
above, the evolution of the TEP for the Ti-Ni-Cu alloy during 
this thermomechanical process should be affected by the 
dislocations induced during cold working, the orientation 
of variants from cold working and the change of grain size 
caused by the thermomechanical process.
In our work, an extensive recrystallization study of the 
Ti-Ni45-Cu5 alloy at different heat treatment temperatures 
is presented after an amorphization process. For this, 
TEM, DSC, microhardness, electrical resistivity and 
thermoelectric power techniques were used to examine this 
material after the amorphization. Results indicate that heat 
treatments from 330 to 428°C for one hour, produce only 
recovery and recrystallization, while higher temperatures 
promote an increase of grain size after the formation of an 
amorphous state. Moreover, results have shown that from 
DSC, it was not possible to detect the beginning of this 
recovery and/or recrystallization. However, from electrical 
measurements and TEP, this phenomenon was detectable. 
In addition, TEP technique was sensitive to the anisotropic 
orientation of variants induced during the cold work. Finally, 
a correlation between TEP and microhardness was observed, 
so, it is possible to predict its mechanical response and its 
microstructure with this information, which is not possible 
with electrical resistivity analysis.
2. Experimentation
A wire of Ti-45.0Ni-5.0Cu (% at.) with 0.81 mm in 
diameter, was manufactured by Advanced Materials and 
Technologies n.v. (AMT Inc.) at SWISSMETAL. The start 
and finish of the martensitic transition temperatures (MS, Mf) 
and the reverse martensitic transition temperatures (AS, Af) 
of the as-received material were M
s
=35.1°C, Mf=21.3°C, 
A
s
=44.9°C and Af=60.5°C, with a thermal hysteresis 
around of 26.2°C. The wire of 0.81 mm of diameter was 
cold-worked in a laboratory cold rolling machine manually 
operated, to obtain sheets of 2 mm in width and 0.25 mm 
in thickness in one step.
The cold-worked sheets were heat treated at different 
temperatures and times as indicated in Table 1. Heat 
treatments (HT) were carried out to recrystallize the 
deformed material and were chosen assuming that for 
metallic alloys, the temperature of recrystallization is 
between 0.3 and 0.6 TM, where TM is the melting temperature 
of the particular alloy.
The recrystallization process in the cold-worked 
Ti-Ni45-Cu5alloy, has been studied by DSC with a TA 
Instruments DSC2920, in a range between –80°C to 100°C 
with ramps 10°C/min in little samples close to 5 mg. 
Transition temperatures were determined at fractions 0.05 
and 0.95 of the total transformed phase during the martensitic 
transition (MS, Mf) and the reverse martensitic transition 
(AS, Af). Samples were studied with a TEM (PHILIPS CM 
200). The electrical resistivity measurements were obtained 
during the martensitic and the reverse martensitic transition 
by four points method in 8cm cold-worked sheets. During 
electrical resistivity measurements, the cooling rate was 
1.2°C/min and the heating rate was 4°C/min. Thermoelectric 
power measurements were performed at room temperature 
in a contact Techlab equipment with Fe blocks with an 
accuracy achieved in the laboratory of ±0.002 mV/K[16,17]. 
Two reference metal blocks electrically and thermally 
isolated are maintained at temperatures 10 and 20°C each 
block (ΔT=10 K). The sample is pressed on these two blocks 
with a good electrical and thermal contact. A thermocouple 
is therefore formed giving rise to a voltage ΔV between the 
two blocks. The relative TEP of the sample in relation to the 
reference metal at a temperature T is given by: ΔS=ΔV/ΔT. 
Experimental values of TEP were obtained at T = 293 K. 
Microhardness was measured 10 times and their average was 
calculated at room temperature under 1000g of force during 
10 seconds in a microhardness tester FUTURE TECH.
3. Results and Discussion
3.1. Microstructure
Figures 1a to 1g show TEM images and diffraction 
patterns of the cold worked samples without heat treatment 
(HT) and after HT1 to HT6 respectively (see Table 1). These 
samples belong to the same cold worked wire. Diffraction 
patterns in Figure 1 show the evolution of the rings as well 
as the recovery process corresponding at the same crystalline 
phase. The rings in Figure 1 for HT1 and HT2 show an 
austenitic B2 crystalline phase, but for HT3, HT4, HT5, and 
HT6, the rings show the typical martensitic B19’ crystalline 
phase. As expected, when the temperature is increased, more 
Table 1. Heat treatments carried out after cold working.
Heat Treatment Temperature (°C) Time (h)
HT1 330 1
HT2 390 1
HT3 428 1
HT4 485 1
HT5 485 2
HT6 650 0.5
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recrystallization is observed, as indicated by better defined 
spots in the diffraction pattern and an increase in the size 
of the nanocrystals as is reported in Table 2. An amorphous 
state is achieved after cold work, as can be observed in 
Figure 1a where a characteristically thick ring diffraction 
pattern is developed. After HT1, nanograins of around 
30 nm size appear, and small changes on the ring pattern 
are induced, as can be observed in Figure 1b. This can be 
associated with the beginning of dislocation movements that 
develop the nanograin boundaries. However, the amorphous 
Figure 1. TEM images of Ti-Ni-Cu: a) After cold work without HT, b) After HT1 (330°C 1h), c) After HT2 (390°C 1h), d) after HT3 
(428°C 1h), e) After HT4 (485°C 1h), f) after HT5 (485°C 2h), g) after HT6 (650°C 0.5h) and h) Magnification from Figure 1g).
Table 2. Transformation temperatures at 10% and 90% of transformation, hysteresis and mean grain size for different heat treatments.
Heat Treatment MS (°C) Mf (°C) AS (°C) Af (°C) Ht (°C) Mean grain size (nm)
As received 35.1 21.3 44.9 60.5 26.2 -
HT1
(1h at 330°C)
- - - - - 30
HT2
(1h at 390°C)
5.9 -15.8 18.7 45.5 38.3 32
HT3
(1h at 428°C)
33.5 20.9 43.0 57.1 23.6 40
HT4
(1h at 485°C)
48.8 42.6 64.3 71.5 22.6 154
HT5
(2h at 485°C)
49.3 42.7 64.8 72.0 23.0 164
HT6
(0.5 h at 650°C)
62.9 55.5 78.5 87.6 24. 9 214
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state and deformation are still important as it is shown in 
selected area diffraction pattern. Crystalline – amorphous 
ratio was not quantified in this study.
Between HT1 and HT2, no significant increase in mean 
grain size is observed (Figure 1b, c). For HT3 (Figure 1d), 
an increase in nanocrystal size to 40 nm was attained 
and electron diffraction pattern shows a recrystallized 
microstructure. Nanograins can be identified because 
some boundaries start to be developed around some 
dark and bright grains. For samples after HT4 and HT5 
(Figures 1e and 1f, respectively), no precipitation was 
observed and martensitic nanoplates were better defined 
inside nanograins. For HT4 and HT5 (1 and 2 hours at 
485°C, respectively), the mean nanograin size is similar for 
both temperatures, at 154 nm and 164 nm, respectively. In 
both cases, spots in the diffraction patterns start to appear 
sharper than for previous HT’s. Finally, a mean grain size 
of 214 nm was observed after HT6 at 650°C for 30 min as 
shown in Figure 1g. Here again, martensitic nanoplates are 
clearly observed inside nanograins (see the magnification 
of Figure 1g). These results agree with previous reports on 
the formation of nanograins in Ti-Ni and Ti-Ni-Cu alloys 
after thermomechanical treatments15,18,19.
3.2. Differential Scanning Calorimetry (DSC)
In Figure 2 the DSC curves obtained from the 
sample as received and for each of the heat treatments 
studied in this work are presented. Table 2 shows the 
martensitic transformation temperatures after each HT, as 
measured by DSC. For HT1 it was not possible to detect 
transformation temperatures by this technique due to the 
extent of amorphous state in the alloy. As the alloy starts 
to recrystallize above 390°C, grain boundaries start to 
develop and martensitic transformation is recovered. For 
HT2, where martensitic transformation is first detected, 
the transformation hysteresis is about 15°C higher than 
that measured at higher HT temperatures, an indication of 
a reduction of the thermoelastic behavior. An increase in 
transformation temperatures is obtained with increasing 
HT temperatures. Grain size plays an important role on 
transformation temperatures. As previously reported20,21, 
an increase in transformation temperatures with grain size 
growth takes place because the growth of martensite variants 
are limited by the grain boundaries. No significant change in 
transformation temperatures was observed with increasing 
time of HT at 485°C (HT4 and HT5). The transformation 
temperatures of the samples after HT at 485 and 650°C 
are higher than those of the as-received material, probably 
because the initial manufacturer’s heat treatment caused 
a lower level of recrystallization than HT4, HT5, and 
HT6. Notwithstanding cold-worked sheets could present 
precipitates during recovery process due to the thermal 
treatment, which could affect transformation temperatures. 
The increase in transformation temperature appears to be 
correlated with the increase of the alloy’s grain size, as it 
can be seen in Table 2.
3.3. Microhardness
The mean hardness vs. HT temperature values are show 
in Figure 3. Values of hardness are in the range of those 
previously reported16. The value of the lower line at 278 HV 
corresponds to the as received alloy, and the reference 
upper line at 462 HV corresponds to the cold-worked alloy 
without heat treatment. Normally the latter should be the 
highest value, but the alloy heat treated at 330 ºC (that is, 
HT1), shows an increment in hardness. This could be due to 
the microstructure after HT1, as shown in Figure 1b, where 
important amorphous zones are still present in the alloy with 
small nanograins. This unusual mixture of microstructures 
could lead to the measured increase in microhardness due to 
an anisotropic effect induced during the cold-working and 
the direction in which the microhardness test was carried 
out. Recovery seems to be reached at HT2, after that, an 
increase in the heat treatment (HT3 to HT6) promotes 
also a grain size growth, where a linear microhardness 
decrease is observed with the temperature. We assume that 
increasing on the grains size by heat treatment temperature 
produces an increase of residuary dislocation movements 
inside nanograin, which promote a stress relaxation and a 
microhardness decrease. For HT6 a more stable value is 
obtained, indicating that a minimum value of microhardness 
can be attained.
Figure 2. DSC peaks obtained from the states of the Ti-Ni-Cu 
samples.
Figure 3. Microhardness vs. Temperature for each heat treatment.
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3.4. Electrical resistivity
Figures 4a-d show electrical resistivity vs. temperature 
curves for the as-received cold-worked and heat-treated 
(HT1-HT6) samples. Results of resistivity are in agreement 
with those reported in literature22. The as-received 
sample has a typical martensitic transformation behavior 
(Figure 4a) where the resistance of the low temperature 
phase (martensitic phase) has the highest value. As the 
high temperature phase (austenitic phase) starts, the 
resistance decreases with increasing temperature until the 
transformation to the martensitic phase is complete. If the 
sample is cooled, a reversible transformation occurs with 
hysteresis.
For the cold-worked alloy without HT, the transformation 
is blocked, as can be seen in the upper curve of Figure 4b, 
where only a small linear increase in resistivity with 
temperature is obtained. This is typical of materials without 
shape memory effect and agrees with results obtained by 
the DSC and microstructure analysis. When HT1 is carried 
out on the cold-worked sample, a different behavior is 
observed as shown in Figure 4b, where a small decrease in 
electrical resistivity occurs as the temperature increases. This 
observation suggests that the transformation in nanograins 
(<30 nm), observed in TEM images (see Figure 1b), 
may be taking place, even if it is not detectable by DSC, 
demonstrating that in this case that the sensitivity of the 
electrical resistivity technique is higher than DSC.
As the HT temperature HT increases, two changes 
are observed in the curves: (i) a typical increase in 
transformation temperatures and (ii) an increase in the extent 
of change in electrical resistivity, as show in Figures 3c and 
3d. The first effect may be related to the release of induced 
cold-work defects or dislocations, which facilitate the 
austenite→martensite transformation, with a corresponding 
increase in Ms18,23. The second one is related to an increase in 
the amount of martensite which is transformed to austenite24. 
This effect can be clearly appreciated from Figure 5, 
where electrical resistivity of each phase (austenite and 
martensite) is plotted as a function of the HT temperature. 
Here, the values for the sample without HT (ρ=1440 nW•m) 
correspond, as expected, to the highest value. The as-
received sample is shown as a reference. Solid and empty 
symbols correspond to the austenite and martensite phases, 
respectively.
From Figure 5, it seems clear that:
1. A strong decrease in resistivity (from 1440 to 1123 
nW•m)  results  after  heat  treatment  at  the  lowest 
temperature of 330°C (HT1), whereas transformation 
is insignificant as illustrated by the very small change 
in resistivity between martensite and austenite. This 
seems to indicate that HT1 allows a very important 
release of cold work, although this stress release is 
not enough to promote the formation of a sufficiently 
large fraction of grains and therefore the martensitic 
transformation is only initiated at this juncture;
2. For the HT2 at 390°C again a significant decrease in 
resistivity to ~ 880 nΩ•m is observed. However, in 
this case not only the release of cold work is taking 
place, but also the recovering of grains starts and the 
martensitic transformation, as confirmed by TEM and 
DSC;
3. When HT temperature increases, a small decrease in 
resistivity to ~ 870 or ~ 800 nW•m is observed (for the 
Figure 4. Electrical resistivity vs. Temperature for austenite and martensite phases.
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martensite phase or the phase austenite, respectively). 
Here, the release of cold work is still present, as 
confirmed by the microhardness results, but the 
recovery of grains and the amount of martensitic 
transformation becomes significant.
These results with those observed by TEM and 
microhardness, seem to indicate that for HT1, HT2, and 
HT3 the release of cold work plays an important roll in the 
kinetics of recovery of the crystalline state. From 485 to 
650°C (HT4-HT6), grain growth becomes more important, 
and resistivity attains a minimum constant value, i.e. there 
is not a significant change in the resistivity between those 
temperatures (see Figure 5).
3.5. Thermoelectric power
Thermoelectric Power (TEP) of the alloy has also been 
studied for each HT shown in Figure 6. Although values 
of TEP are relative to the nature of the couple of metals 
and they are affected by the composition, temperature and 
microstructure, the results are in the range of those reported 
in the literature16,25. The values for the as-received and 
without heat treatment samples are shown as reference. In 
general, the formation of an important density of dislocations 
with cold work causes a decrease in TEP, as it has been 
reported before16-18. On other hand, heat treatments promote 
an increase in TEP values for two reasons: the diminution 
of dislocations and the increase in grain size. In addition, 
it is worth noting that in Figure 6 the lowest value in TEP 
corresponds to the sample after HT1. This is a similar 
behavior but inverse to the one observed from microhardness 
measurements where, contrary to what was expected, the 
highest value corresponds to the sample after HT1 and not 
to the sample without heat treatment.
These results may be a consequence of the particular 
microstructures developed after heat treatments at low 
temperatures (i.e., HT1 and probably HT2), where 
a combination of a highly anisotropic amorphous 
phase produced by cold work, together with incipient 
nanograin formation, could lead to anomalous behavior 
in microhardness and TEP measurements. Moreover, TEP 
technique has been shown to be very sensitive to anisotropy 
induced by wire drawing of Ti-Ni-Cu or by an applied stress 
during stress assisted two-way memory effect16,18,25. This 
suggests that the anisotropy induced by cold work and then, 
modified by HT1, should be the cause of this phenomenon 
in the microhardness and TEP behaviors.
Then, TEP and microhardness seem to be affected 
in the same way by the same variables. Thus, in order 
to look for evidence of such influence we have plotted 
thermoelectric power vs. microhardness as shown in 
Figure 5. Electrical resistivity vs. HT temperature for austenite 
and martensite phases.
Figure 6. TEP vs. temperature of heat treatment.
Figure 7. (a-b) TEP and ρ vs. microhardness respectively for each HT.
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Figure 7a. Interestingly, a clear linear correlation was 
found,  given  by TEP  =  –0.0334•HV  +  12.89,  with  a 
linear correlation coefficient of –0.0334, while for ρ 
Vs. microhardness (Figure 7b), no linear correlation is 
obtained. This correlation between TEP and microhardness 
is important because by knowing the TEP of an alloy, its 
mechanical response and microstructure can be predicted. 
This may not be possible with electrical resistivity analysis.
4. Conclusions
After the cold work, a complete amorphous microstucture 
is observed in the Ti-45.0Ni-5.0Cu (% at.) alloy. As the 
alloy is heat treated at low temperature (330°C), a release 
of the induced cold work is observed mainly due to the 
release of internal stress, although the incipient formation 
of nanograins is also important. This particular mixture of 
microstructures, where a high anisotropy should be present, 
might be responsible for the observed unusual behavior in 
microhardness and TEP measurements after low temperature 
heat treatments. Moreover, from the results of electrical 
resistivity and TEM, it can be confirmed that, the martensitic 
transformation takes place in microstructures with grains 
smaller than 30 nm. For heat treatments at intermediate 
temperatures (428°C, for example), the release of stress 
and the formation and the growth of nanograins both play 
important roles. Above 428°C, the growth of nanograins 
seems to be more important than other changes as suggested 
by the electrical resistivity results and microstructure 
analysis.
With the DSC technique was not possible to detect the 
martensitic transformation of nanograins after HT1, but 
electrical resistivity was able to detect it, which indicates a 
greater sensitivity of this technique. Results of TEP seems 
to indicate that the TEP of the Ti-Ni-Cu is affected by the 
dislocations induced during cold working, the orientation of 
variants from cold working and the change of grain boundary 
defects caused by the thermomechanical process. A linear 
correlation between TEP and microhardness has been 
found (with a correlation coefficient of –0.0334), showing 
predictable relationship related to microstructural changes 
by heat treatment. Then, the TEP technique can be used to 
predict the mechanical response and the microstructure of 
the alloy after this amorphization-recrystallization. Finally, 
it is concluded that a stable or metastable microstructure 
(degree of amorphization, nanograin size, dislocations 
density, etc.) is obtained for each heat treatment temperature, 
since the evolution in microhardness, DSC, resistivity and 
TEP for a sample heat treated at the same temperature 
(485°C) for different times (1 and 2 hours) shows only 
small differences in the corresponding values, i.e. they do 
not depend on time.
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